Women who have had a child with mitochondrial DNA (mtDNA) disease need to know the risk of recurrence, but this risk is difficult to estimate because mutant and wild-type (normal) mtDNA coexist in the same person (heteroplasmy). The possibility that a single sample may not reflect the whole organism both impedes prenatal diagnosis of most mtDNA diseases, and suggests radical alternative strategies such as nuclear transfer. We used naturally occurring mtDNA variants to investigate mtDNA segregation in placenta. Using large samples of control placenta, we demonstrated that the level of polymorphic heteroplasmic mtDNA variants is very similar in mother, cord blood and placenta. However, where placental samples were very small (o10 mg) there was clear evidence of variation in the distribution of mtDNA polymorphic variants. We present the first evidence for variation in mutant load, that is, mosaicism for mtDNA polymorphic variants in placenta. This suggests that mtDNA mutants may segregate in placenta and that a single chorionic villous sample (CVS) may be unrepresentative of the whole placenta. Duplicates may be necessary where CVS are small. However, the close correlation of mutant load in maternal, fetal blood and placental mtDNA suggests that the average load in placenta does reflect the load of mutant mtDNA in the baby. Provided that segregation of neutral and pathogenic mtDNA mutants is similar in utero, our results are generally encouraging for developing prenatal diagnosis for mtDNA diseases. Identifying mtDNA segregation in human placenta suggests studies of relevance to placental evolution and to developmental biology.
Introduction
Mitochondria generate energy for all cellular processes. Their own maternally inherited chromosome, the mitochondrial DNA (MtDNA), encodes subunits of the respiratory chain. mtDNA diseases may be caused by mutations in either mitochondrial or nuclear genes and hence give rise to maternal or autosomal patterns of inheritance. In normal individuals, every cell contains thousands of identical copies of mtDNA (homoplasmy).
Both mutant and normal mtDNA are found in individuals (heteroplasmy) with mtDNA disorders, and this is important because the degree of heteroplasmy is a determinant of disease severity. 1 Furthermore, the load of mutant mtDNA may vary widely between different tissues from a single patient. 2, 3 Accumulation of mutant mtDNA in specific tissues appears to underlie some instances of disease progression. 3, 4 Although both chorionic villous sample (CVS) and prenatal counselling are routinely available for Mendelian disorders, 5, 6 heteroplasmy prevents their routine use in mtDNA diseases. 7 In addition,
there is now evidence that in one case a proportion of inherited mtDNA was of paternal origin. 8 The risk of transmitting a mtDNA disorder is difficult to assess 7 because the offspring of a heteroplasmic woman may vary widely both in their phenotype and in their mutant load. 9, 10 This is because of the so-called bottleneck in transmission of mtDNA. We and others have shown that a single woman may transmit markedly different levels of variant mtDNA to her oocytes, 11, 12 both for pathogenic and polymorphic mtDNA mutants. These and other data 13 suggest that there may be a much smaller number of founder mtDNAs for each child than the 100 000 mtDNAs found in each normal oocyte. In other words, there appears to be a mitochondrial bottleneck. Logically, prenatal diagnosis of mtDNA disorders should be central to management, in practice it is fraught with uncertainty because of the bottleneck. 14 Moreover, if there is regional variation in mutant load, 2,3 a single blastomere or CVS may be unrepresentative of the load in the major part of the embryo. Further, if the correlation of mutant load with disease severity is poor, even a representative sample is of limited value. Moreover, changes in the distribution of mutant after the biopsy may invalidate the information. These difficulties appear to be so extreme that clinicians have suggested radical alternative management, for instance nuclear transfer techniques in an attempt to alter the mtDNA load of an embryo. 15 The logistics of studying mtDNA segregation in a large number of placentae from families with mtDNA disease would be formidable. We have previously used naturally occurring polymorphic variants to study the bottleneck in human oocytes, 11 and our inferences regarding both its timing and magnitude are consistent with data on pathogenic variants. 12, 16 In order to assess whether regional variation in the level of heteroplasmic mtDNA is likely to be a major feature of mtDNA transmission, we therefore sought naturally occurring heteroplasmy at polymorphic sites within mtDNA. Heteroplasmic polymorphisms are now held to be more common than previously supposed. 17 Heteroplasmy frequently occurs at specific mutation hotspots such as nt16 224, 16 311 and 16 093. 18 In order to assess the feasibility of routine CVS in mtDNA disease, we compared the levels of heteroplasmic polymorphic variants between maternal blood or buccal DNA and placental levels and between placenta and cord blood. To determine whether a single sample is likely to be representative, we studied multiple samples from two placentae (of 7 and 40 weeks gestation) where we had identified two or more variants. We investigated the distribution of both heteroplasmic point mutations, and also length variation in a homopolymeric C tract centred around the thymidine at nt310, 11 from multiple different samples of the same placenta. 
Materials and methods

All
Results
Sequence variation in DNA samples from mothers and offspring Sequence analysis of the first hypervariable region (HV1) of the large noncoding region was carried out in parental DNA from 18 trios comprising mother, father and placenta. In four cases, paternity was confirmed by analysis of minisatellite nuclear DNA (University Diagnostics Ltd, Teddington, Middlesex, UK). In 11/18 families, there were sequence differences between mother and father at either 16 224 and/or 16 311 bp (henceforth sites A and B). Heteroplasmy was apparent and these two polymorphisms were therefore studied in more detail using solid-phase minisequencing, along with another mother -placental pair (P1). Using this method, we found heteroplasmy in 16/18 (89%) at A and 7/15 (47%) at B of mother -placenta pairs. We refer to the sequence read from the mother's chromogram as the 'major' type, and the heteroplasmic mutant as the 'minor' type. Levels of the minor mtDNA type ranged from 1 to 35% (means 9.4 and 9.9%, medians 6 and 12% in maternal and placental DNA, respectively) but were low in most cases. In only 3/36 of the two polymorphic sites (8.3%) were maternal levels of the variant between 10 and 90% and at only 2/36 (5%) of maternal sites was the level of the minor variant 30% or above. The mean level of the minor species was very similar in mother's buccal DNA and placenta ( Figure 1a ). In addition, in one case (P1) we studied an additional heteroplasmic site at T16093C (site C) in multiple samples (see below). T-PCR of a more limited region of HV2 of the large noncoding region in the 16 samples of fetal placenta revealed heteroplasmy for the homopolymeric C tract surrounding 310 bp in one (patient P2). Because obvious heteroplasmy was apparent in this single case, multiple samples from P2 were studied in more detail (see below). We refer to three different length variants at this site as long, medium and short (Table 1 ). In addition, we found heteroplasmic mtDNA polymorphisms in eight of the placental samples from the 13 pregnancies in which we also had cord blood (thus fetal DNA). As well as A and B this included 16 069, 16 189 and 16 256 (sites D, E and F, respectively, Table 1 and Figure 1b ).
The level of heteroplasmy was very similar in mother, child and placenta The level of heteroplasmy at sites A, B and D -F was assessed in 13 individuals from whom cord blood was available using solid -phase mini-sequencing. There is a close correlation between the load of heteroplasmic variants between cord blood and placenta (Figure 1b Intraplacental distribution of heteroplasmic variants (multiple samples from each placenta) Multiple samples were taken from two placentas (16 from term placenta, P1 and 12 from 7-week placenta, P2). One, placenta P1 was heteroplasmic for three different polymorphisms in all of the 16 samples taken, averaging 10.3% at A, 5.7% at B and 0.3% at C. This was very comparable to levels in maternal blood at 11.6, 5.9 and 0.43%, respectively ( Table 2 ). The distribution of these mtDNA polymorphisms in different samples from the same placenta is shown in Figure 2b . No cosegregation of polymorphisms is apparent and there was no association of variant load with region of the placenta or layer from which the sample was taken (not shown). In the case of variant A levels ranged from 0 to 19.6%, but there was less variation for B and C (Figure 2b , top panel). Similarly, (P2) placenta from a 7-week termination of pregnancy was heteroplasmic for C insertion polymorphisms within the homopolymeric C tract (ie the run of C residues between 303 and 315 bp). This generates nested heteroplasmic length variants 20 ( Figure length variants in all regions ( Figure 2a, panel 2) . The variation may be more marked in the term placenta than in the 7-week placenta (coefficients of variation 0.27 -0.51 and 0.07 -0.18, respectively), although this could be because the polymorphisms were different in the two cases.
The number of adult individuals with the A and B (C16 224T and T16 311C) polymorphisms suggests a founder effect
If the mutation rate of two polymorphisms is sufficiently high, they may appear to segregate independently. The A and B polymorphisms were present in 30 and 38% of all (6, 8, 16) , membranes (9, 13, 14) ).
Prenatal diagnosis in mtDNA disease DR Marchington et al parental haplotypes. They tended to occur together, rather than on their own (Table 3) . It is already known that this combination of polymorphisms is frequent in particular mitochondrial lineages (such as haplogroup K 21 ). w 2 testing (Table 3) showed that there was a marked deficiency of single occurrences that would be expected in a purely random distribution (Po0.001).
Discussion
The use of naturally occurring polymorphisms along with sensitive detection methods enabled us to study a much larger group of mother -child pairs than if we had confined our studies to pathogenic variants. 22 In control placentas, we have demonstrated that the level of polymorphic heteroplasmic mtDNA variants is very similar in mother, cord blood and placenta. We present the first evidence for mtDNA segregation in placenta, but this may be apparent only where placental samples are very small (o10 mg). This information is important for prenatal diagnosis of mtDNA diseases.
We identified heteroplasmy in a high proportion of maternal samples, but only 3/36 of these (8.3%) had levels between 10 and 90% and at only 2/36 (5%) of maternal sites was the level 30% or above. It is thus unlikely that the heteroplasmy we documented in the remaining samples would have been detected by simply inspecting chromograms without focusing on these specific sites. Previous reports that have used chromograms as the means of detection have thus documented lower frequencies of heteroplasmy, but using sensitive methods these can be as high as on 13.8% 17 of blood samples at sites within HV1.
Consistent with our results, these studies commented on heteroplasmy being a notable occurrence at 16 311 bp (site B) 23 and at 16 093 bp (site D) where it reached a population frequency of 5%. 17 Levels of heteroplasmic variant were almost identical in placental samples and cord blood (r 2 ¼ 0.99), although cord blood was only available on 13 samples. This is consistent with the limited information on pathogenic mutations, which suggest that the level of mutant in blood at birth may reflect the load in other tissues, 24 even though some mutants develop a very variable tissue distribution postnatally. 25, 26 Taken together with published data, 7,22,27 -30 these findings suggest that the level of polymorphic mtDNA variant in these placental samples probably closely reflects the load in cord blood, and potentially the load in the baby. This is a very important precondition for prenatal diagnosis of mtDNA diseases. Heteroplasmy was very common in the polymorphic sites investigated here. The high frequency of heteroplasmy would be consistent with either a very high rate of somatic mutation or with heteroplasmy that has been stably inherited from the mother. We are not able to distinguish between these alternatives without further analysis of early embryos or oocytes. However, comparing the parental sequences ( Table 3 ) clearly shows that the polymorphisms A and B (16224C and 16311C) cosegregate in the whole population, that is, there is a founder effect in haplogroup K. A high frequency of heteroplasmy at these sites in the germline would minimize such cosegregation.
If somatic mutation were not an issue, the close correlation between the level of heteroplasmic mtDNA variant in placenta and mother (Figure 1b) would suggest a bottleneck with a large number of segregating units. In only one case was there a discrepancy between the load in mother and placenta, consistent with a tighter mitochondrial bottleneck during oogenesis, but we were unable to estimate the bottleneck size accurately because cord blood was not available. We have previously demonstrated that a major component of the bottleneck has occurred by the time ooctyes are mature 12 for both pathogenic and polymorphic mtDNA variants. Furthermore, germline segregation is widely held to be random for both pathogenic 31 and polymorphic 32 mtDNA variants. Although there is good evidence that segregation of pathogenic mutant mtDNA is often nonrandom in cell lines and in patients from birth onwards, there are no published data on mtDNA segregation between conception and birth. We demonstrated that multiple placental samples from the same individual showed variation from 0 to 19.6% (Figure 2 ). This is the first evidence for segregation of mtDNA in placenta, and it is entirely consistent with previous data showing that neighboring regions of placental tissue are arranged in 'patches' or clones, arising from different cells in the early embryo. 33 The apparent discrepancy between the level of heteroplasmic polymorphism in the single placental samples (Figure 1 ) and the multiple samples (Figure 2 ) may depend on the size of the sample. In the majority of motherplacenta pairs, we took a single sample of placenta, which was substantially larger (50 -100 mg of tissue) than the multiple samples taken from the two placentas studied in detail (5 -10 mg). The latter are comparable in size to normal CVS (10 -30 mg, P Chamberlain, personal communication). The larger 50 -100 mg fragments are presumably more likely to sample two or more placental patches than the smaller fragments. Our data suggest that sample variation attributable to patch size is more marked in the term placenta, where patches will presumably have grown larger than they are in the 7-week placenta. However, it might equally be explained by the difference in type of mutation that we used (length variation in the 7-week and point mutations in the term placenta) and further work is needed to clarify this. In practice, the magnitude of the variation that we found in 7-week placenta may be too small to have much clinical impact (coefficient of variation o0.18). We suggest that accurate prenatal diagnosis for some mtDNA diseases may require at least two separate samples. Although it is not clear whether and by how much taking two samples would impair fetal viability, this might increase the miscarriage rate. 34 We are currently investigating the feasibility of preimplantation genetic diagnosis (PGD) for mtDNA disease and intend to recommend concordance testing of two blastomeres for embryos to be implanted in the uterus. Studies of human placental clonality have usually focused on confined placental mosaicism (CPM), detected in 2% of all pregnancies. CPM refers to the presence of two karyotypically different cell lines in the placenta with only one in the fetus. 33 As zones derived from different nuclear gene founders correspond to clones of cells in the early embryo, one would predict that they also represent zones for mitochondrial founders. It would be interesting to establish whether this is indeed the case. Animal studies have not examined mtDNA segregation in extra-embryonic structures in detail. There are a small number of studies of polymorphic mtDNA variants on embryos where heteroplasmy has been generated artificially by manipulation of early embryos from different polymorphic mouse strains. These are consistent with a uniform distribution throughout both the preimplantation 35, 36 and newborn embryo. 10, 32, 37, 38 Similarly, studies of pathogenic variants in human placenta have been very limited. In one case, the proportion of mutant was similar to but slightly higher than that of the child. 26 In most genetic disorders, amniocyte culture can be used when the CVS is too small for reliable analysis, but for mtDNA disorders such analyses are complicated by the possibility that mutant mtDNA can be lost with sequential culture. Prenatal diagnosis of T8993G and T8993A disease (associated with Maternally Inherited Leigh's Syndrome for MILS) has demonstrated a close association between the level of mutant in CVS and neonate and/or extra-embryonic structures. 7 Apart from this group, there are very few published studies of CVS in mtDNA disease. However, it is unlikely that CVS could be absolutely reliable because it is certain that paternal inheritance of mtDNA has occurred in at least one case. 8 However, this occurrence must be rare on a population basis because the only other reports 39 are in abnormal embryos with arrested development. 40 We and others have previously been unable to detect significant levels of paternal mtDNA polymorphisms in placenta, even in ICSI where the normal processes governing its elimination might be disrupted. 19, 41, 42 In the single case report of paternally inherited mtDNA the authors identified mtDNA recombinants using PCR analysis of muscle mtDNA. 43 If this were a common occurrence that involved the germline it should be evident in population studies, and currently there is little or no clear evidence that this is the case. 44, 45 It is therefore likely to be extremely rare. Therefore, the heteroplasmy that we found in placenta is unlikely to be of paternal origin.
In conclusion, we present the first evidence for mtDNA segregation in placenta. This suggests that the mtDNA in a single CVS of 10 mg may be unrepresentative of the whole placenta. Large or duplicate samples may be necessary for reliable prenatal diagnosis of mtDNA disease. Although our studies were confined to polymorphic mtDNA variants, there is no evidence to suggest that there is a systematic difference between pathogenic mutants and polymorphisms prenatally. 12, 31, 32 There was a close correlation of variant load in maternal, fetal blood and placental mtDNA. Provided that segregation of neutral and pathogenic mtDNA mutants is similar in utero, this suggests that in most cases placenta does reflect the load of mutant mtDNA in the baby. We therefore anticipate further development of prenatal diagnosis of mtDNA diseases using CVS and PGD. Nuclear transfer 15 remains controversial 46 -49 but may ultimately be integrated into genetic management. Further studies to confirm that the levels of both polymorphic and pathogenic mtDNA mutants in CVS are also representative of those in the offspring are essential.
